OBJECTIVE: The objective of this study was to determine whether there are independent effects of extracellular¯uid volume (ECF) and fat mass (FM) on resting energy expenditure (REE) relative to fat-free mass (FFM) in adult men and women. METHODS: Multiple linear regression analysis was used to relate REE, as determined by indirect calorimetry, to FFM and FM (measured using dual energy X-ray absorptiometry) and ECF (measured using bromide space andaor the radiosulfate washout space) in 153 women and 100 men with varying amounts of body fat. RESULTS: REE correlated signi®cantly with FFM and FM in women (r 0.65 and r 0.63, both P`0.001) and men (r 0.62 and r 0.48, both P`0.001, FFM and FM, respectively). In a multiple linear regression analysis FFM, FM and age signi®cantly contributed to the ability to predict REE in both genders. The models that were derived were not signi®cantly different between women and men. In women the contribution to REE from FM was easier to detect when FM was greater. Adjustment of FFM for ECF did not improve the relationship between FFM and REE. CONCLUSIONS: FFM, FM and age are signi®cant, independent predictors of REE in both men and women. Adjustment of FFM for ECF does not improve the ability of FFM to predict REE, which suggests that ECF is a highly integrated component of FFM in healthy adults. Expressing REE relative to FFM alone will introduce errors when lean and obese populations are compared.
Introduction
Fat-free mass (FFM) is the single best predictor of resting energy expenditure (REE), explaining much of the inter-individual variability in REE. 1 ± 3 Some investigators report that body fat is an independent predictor of the inter-individual variation in REE, 4 which is logical considering that adipose tissue consumes oxygen at a rate of 0.4 mlakgamin. 5 This rate of oxygen consumption is much less than that for lean tissue, 6 ± 8 and suggests that large numbers of subjects must be evaluated in order to detect an effect of body fat on REE in cross-sectional population studies. In addition, robust methods for measuring body composition and REE must be employed. A signi®cant portion of the inter-individual variability in REE remains unexplained even when FFM and fat mass are known, however.
Family membership, age and gender can account for some, but not all of the remaining 15 ± 40% variability in REE. 9 One potential confounding factor in attempting to relate REE to FFM or fat mass is the extracellular¯uid (ECF) compartment. ECF is a metabolically inert component of FFM and it is possible that inter-individual variability of the ECFaFFM relationship reduces the predictive value of FFM. Thus, adjustment of FFM for ECF might improve the relationship between REE and FFM. The primary goal of the present study was to determine whether subtracting ECF from FFM (an estimate of body cell mass) would improve the relationship between body composition and REE in a large sample of healthy subjects covering a broad range of body weight. Because there continues to be discrepant reports on the relationship between FFM, FM and REE we evaluated these aspects of our data as well.
Subjects and methods

Subjects
For the present analysis data from several studies (153 women and 100 men) being conducted in our laboratory were compiled. All studies included healthy subjects participating in metabolic research studies of fatty acid metabolism that included measurements of body composition and REE. In 93 women (61% of all women volunteers) and in 77 men (77% of the volunteers) ECF was determined prospectively for the purpose of assessing its usefulness as a co-variate in measurements of energy metabolism. The studies were approved by the Mayo Clinic Institutional Review Board and informed written consent was obtained.
Resting energy expenditure
Resting energy expenditure was assessed by indirect calorimetry with a ventilated hood (Deltatrack Metabolic Monitor, SensorMedics, Yorba Linda, CA). 10 The equipment was calibrated using standard oxygen and CO 2 gases before each measurement. All volunteers had been weight stable for ! 2 months and consumed an isoenergetic diet for at least 3 days prior to the measurement of REE. Every volunteer was admitted to the Mayo Clinic General Clinical Research Center (GCRC) the evening before the study. The evening meal was consumed between 17:00 and 19:00 h and the volunteers remained nonper orum (NPO) (except water) until the REE measurement was completed before arising the next morning. The respiratory quotient (RQ) values for these volunteers were 0.81 AE 0.04 (range 0.70 ± 0.92).
Body composition
Total body fat mass and fat-free mass were measured using dual-energy X-ray absorptiometry (DXA; DPX-IQ, Lunar Radiation Corp., Madison, Wisconsin).
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Extracellular¯uid volume was measured using bromide ion chromatography 12 andaor the radiosulfate washout technique 13 as previously described. Body mass index (BMI) was calculated as body weight (kg)aheight (m) 2 . Adjusted FFM was calculated as FFM (kg)ÀECF (kg), assuming that 1 litre of ECF equals 1 kg.
Statistics
Values are given as mean AE s.d. or median (interquartile range) (if the data were skewed) unless otherwise indicated. Comparisons between genders were performed using Student's t-test or the Mann ± Whitney Two Sample Test. Correlations were evaluated by Pearson's or Spearman's test as appropriate. Predictors of REE were evaluated using multiple linear regression analysis with REE as the dependent variable and FFM, FM, age and gender as independent variables. The analysis was initially performed in the total study group (ie women and men combined). However, multicollinearity among FFM and gender and heteroscedacity (ie lack of constant variance of residuals) prompted gender speci®c analysis. P-values of`0.05 were considered statistically signi®cant.
Results
Body composition and REE (Table 1) A total of 153 women and 100 men (aged 33 AE 8 and 32 AE 8 y, respectively) were included in the analysis. The two groups were comparable with respect to age and BMI, but women had signi®cantly more body fat and less FFM than men (Table 1) did. Both ECF and adjusted FFM were signi®cantly less in women than men (Table 1 ). No differences in body composition or REE were present between subjects with and without ECF measures.
Predictors of REE (Tables 2 and 3, Figures 1 and 2)
REE correlated signi®cantly with all constituents of body composition (Table 2 ). In men the correlation was strongest with FFM ( Figure 1 ), whereas, in females the correlation coef®cients with FFM and FM were similar ( Figure 2 , Table 2 ). As assessed by multiple linear regression analysis, REE was signi®-cantly determined by FFM, FM (or percentage fat), and age in women (Table 3 ). In men REE was signi®cantly determined by FFM, FM and age (Table 3) , however, when percentage body fat was substituted for FM, age was no longer a signi®cant predictor of REE. The following formulas were derived:
SE of estimate 150 kcaladay; adjusted r 2 0X55; P`0X0001 Values are mean AE s.d., median (interquartile range). *P`0.001 compared with men. ECF and adjusted fat-free mass: n 93 (women), n 77 (men). 
0X45; P`0X0001
The residuals of a multiple linear regression analysis of REE on FFM and age were plotted against FM in a linear regression analysis for each gender ( Figure  3 ). In accordance with the multiple linear regression analysis, FM was signi®cantly associated with the residuals despite a large degree of scatter around the regression line.
Effect of ECF (Tables 1 and 2) ECF correlated signi®cantly with FFM in women (r 0.57, P`0.01) and men (r 0.60, P`0.01). The correlation between REE and adjusted FFM was weaker than between REE and FFM in both genders (Table 2) . Similarly, when adjusted FFM was substituted for FFM in a multiple linear regression analysis the prediction of REE was weaker than with FFM in both groups. The correlation between adjusted FFM and REE was not stronger than between ECF and REE ( Table 2 ).
Discussion
The major goal of this study was to determine whether knowledge of ECF volume allows a better understanding of the body composition determinants of REE. In accordance with previous studies, 1 ± 3 we (Table 2) .
Body composition and resting energy expenditure S Nielsen et al found that FFM was a strong predictor of REE in both women and men. Adjustment of FFM by subtracting ECF did not improve the ability of FFM to predict REE. Moreover we found that FM was a signi®cant predictor of REE in women and in men. In both genders age was inversely related to REE. Fat-free mass or lean body mass 1 ± 3 is the single most important contributor to REE, explaining 60 ± 85% of the inter-individual variability in REE. Consequently, REE is frequently expressed relative to FFM. Because low REE is considered a risk factor for future weight gain 14 much attention has been directed towards characterizing the 15 ± 40% of the variability that remains unaccounted for by FFM. Water comprises $ 60% of body weight in adult humans, of which approximately one-third is ECF. In theory, adjustment of FFM for ECF might improve the predictive value of FFM in determining REE in as much as ECF is metabolically inert. Instead, we found that body cell mass, calculated by subtracting ECF from FFM, was actually of less value in predicting REE. The correlation between REE and ECF was similar to the correlation between REE and FFM before adjustment for ECF, indicating that ECF is a highly integrated component of FFM in healthy adults. Other explanations are insuf®cient precision of the methods used for assessing ECF which, consequently, would introduce additional scatter on the relationship between REE and adjusted FFM. However, the bromide space and radiosulfate washout techniques are the primary, readily available measures of ECF 15 and both methods have been shown to produce accurate and reproducible estimates of ECF. 16 ± 18 Some investigators have concluded that fat mass contributes signi®cantly to REE, 3,4,19 ± 21 whereas others have not. 1, 2, 4, 22, 23 It is possible that less robust methods for assessment of body composition andaor REE have confounded the ability to ®nd independent effects of FM on REE in some of these studies. In our study body composition was measured by DXA and REE was measured using indirect calorimetry under carefully controlled conditions. DXA is an accurate and reproducible method for assessing body fat (triglyceride) mass; 11, 24 however, it should be remembered that DXA FFM includes the 10 ± 15% of adipose tissue that is not triglyceride. In the present analysis, both FFM and fat mass were predictors of REE. It has been suggested that a contribution from FM to REE only becomes appreciable when relative FM increases above normal, 1, 3, 20 eg in obese women. It seems more likely that the effect, being relatively small, is more readily detected with the inclusion of individuals with a wide range of body fat. Heshka et al 25 reported a similar regression coef®cient for the relationship between fat mass and adjusted resting energy expenditure. Interestingly, they detected this effect primarily because of a dramatic change in fat mass in response to a weight loss program, but could not detect an effect in their baseline measurements in this study of 35 obese adults. Other studies report that FM is a more important contributor to REE in men. 21 In our ®nal model including FFM, FM and age the percentage of the variability in REE explained by these parameters was moderate (56% and 45% in women and men, respectively) and in the low range of what has been reported previously by others. 1 It should be noted that the range of FFM included in our population is less than that reported by other investigators, 9,26 which may have reduced the correlation coef®cient between FFM and REE.
Oxygen consumption by adipose tissue is $ 0.4 mlakgamin 5 ( $ 2.9 kcalakgaday). Considering that adipose tissue is $ 85% fat, we would predict that body fat (as measured by DXA) would increase REE by $ 3.4 kcalakgaday if only the metabolic needs of adipose tissue in¯uence resting oxygen consumption. The factor associated with body fat in the regression formulae were at least double this value for both men and women in our study, suggesting there may be additional metabolic effects of adipose tissue. For example, effects of body fat on sympathetic nervous system to increase oxygen consumption in lean tissue have been proposed, 21 and large amounts of abdominal fat might increase the work of diaphragmatic Figure 3 Linear regression of FM on the residuals of a multiple linear regression analysis of REE on FFM and age in women (r 2 0.13; P`0.001) and men (r 2 0.07; P`0.01).
Body composition and resting energy expenditure S Nielsen et al breathing in the supine position. One or both of these factors could explain the observations that REE relative to FFM appears to be greater in upper body obese women 27 and in men with obesity. 21 We conclude that FFM, FM and age contribute signi®cantly to the inter-individual variability of REE. Adjustment of FFM by subtracting the metabolically inert ECF compartment does not improve the relationship between FFM and REE when currently available techniques are used. This suggests either that ECF is an integrated component of lean tissue in healthy adults andaor that ECF cannot be measured with suf®cient accuracy to provide an accurate estimate of body cell mass. Expressing REE relative to FFM alone might introduce errors when lean and obese populations are compared because adipose tissue is an energy requiring tissue. However, we should point out that the relationships between resting energy expenditure and body composition variables reported in this manuscript are based solely on statistical correlations. Whether these relationships re¯ect the true physiological associations among these variables awaits further study.
